Prospective retarders for alkali-activated slag: stability at high alkalinity, effects on setting behavior and strength of paste by Badjatya, Palash
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PROSPECTIVE RETARDERS FOR ALKALI-ACTIVATED SLAG: 
STABILITY AT HIGH ALKALINITY, EFFECTS ON SETTING 
BEHAVIOR AND STRENGTH OF PASTE 
BY 
 
PALASH BADJATYA 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Civil Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2017 
Urbana, Illinois 
Adviser: 
  
Associate Professor Paramita Mondal 
 
ii 
 
Abstract 
 
Alternate binders are becoming essential to counteract the carbon emissions caused 
by manufacture of ordinary Portland cements. Geopolymers or alkali-activated 
systems with precursors as fly ash, slag or metakaolin, or a mixture of these, are 
possible substitutes. There are several hindrances to their use in construction due to 
the lack of understanding and control of properties of the system, starting from 
initial product formation rate all the way to long-term durability. Ordinary Portland 
cement systems have been around for a much longer time in history and so have 
been admixtures that can bring about desired changes in the properties of the 
material. Similar admixtures for the alternative binders are much less well-
established. Through this study, the author hopes to contribute to this field of 
admixtures for the alternate binders. The scope was narrowed down to one of the 
major challenges of control of fresh properties. The current investigation looks at 
an alkali-activated slag system, which has a short, or fast, hardening time. This is 
not conducive to its use in mainstream construction and a control of the setting or 
hardening time is essential. Several retarders have been conventionally used for this 
purpose in the ordinary Portland cement systems. This investigation hopes to study 
the effectiveness of these retarders in the significantly different alkali-activated 
system, while also exploring novel retarders. Conventional admixtures used here 
were organic in nature such as lignosulfonate-based, polycarboxylate-based and 
naphthalene formaldehyde-based. Novel retarders were a mixture of inorganic and 
organic substances selected to achieve specific effects (adsorption, complexation, 
seeding, etc.) that might affect reaction rate. These novel retarders were, namely, 
dodecyltrimethylammonium chloride (DTAC), poly(diallyldimethylammonium 
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chloride) (PDADMAC), ethylenediaminetetraacetic acid (EDTA) and zinc oxide 
nanoparticles.  
Isothermal calorimetry was the primary test conducted to observe effects on the 
reaction rate. Stability in the high pH environment was assessed visually and also 
chemically through infrared spectroscopy. Compressive strength tests were 
conducted for the novel admixtures and the hardened product was analyzed through 
infrared spectroscopy. Additional tests such as zeta-potential measurements, 
adsorption measurements through UV-Vis-NIR spectroscopy and ultrasonic wave 
reflection (for hardening) were performed, but quality data was hard to obtain. The 
results from these tests are not part of the main investigation and have been 
presented separately in the Appendix. 
Most conventional organic admixtures were found to be unstable in the high pH 
(>14) alkali solution. Those that were stable did not retard the reaction when added 
to paste. The novel admixtures were stable in the high pH environment and retarded 
the reaction. Some admixtures also had unexpected consequences, unrelated to 
retardation. 
The results of this investigation may serve towards the foundation of admixtures 
for alkali-activated systems and facilitate the exploration or artificial synthesis of 
such admixtures. 
Keywords: Alkali-activated materials, slag, retardation, isothermal calorimetry, 
infrared spectroscopy, stability, pH, sustainability 
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Chapter 1 
Motivation 
 
Concrete is the second most consumed material in the world after water [1]. Among 
its constituents, cement is a major component and it cannot be obtained directly 
from nature hence requiring production in a manufacturing facility. The demand 
for cement is rising rapidly: the global production of cement in 2015 was 4.1 billion 
tons [2] which is almost double the production of 2.2 billion tons 10 years ago [3].  
Such a scale of production entails an equally massive impact on the environment. 
Cement manufacturing involves emission of carbon dioxide not only due to fuel 
and other forms of energy required to run the plant, but also due to decomposition 
of limestone which is an integral part of the process. Estimates vary but for every 
ton of clinker produced, 0.8 - 1.0 tons of carbon dioxide is released. Given the total 
quantity of cement produced, an enormous amount of carbon dioxide burden is thus 
placed on the atmosphere since carbon dioxide is a major contributor to global 
warming [4]. Going by current trends, demand is set to rise and it is essential to 
search for ways to reduce the emissions. For conventional cement manufacture, 
since the limestone decomposition step is unavoidable, using sustainable fuels and 
resource efficient raw materials in addition to recirculation of heat in the kiln are 
some ways to reduce emissions stemming from the fuel source [5–7]. Pozzolans 
can also be used to reduce the quantity of cement in concrete. Ordinary Portland 
cement alternatives such as belite cement, calcium sulfoaluminate cement, etc have 
also been explored [5–9].  
Another category of materials that promises much lower carbon dioxide emissions 
is alkali-activated materials or geopolymers [9,10]. The raw materials for alkali-
activated materials such as fly ash and slag are byproducts of other industries and 
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hence embody minimal energy and emissions by themselves. Major carbon 
emissions come from the production of alkaline activators which may go down 
once they are mass produced. Reductions in carbon dioxide emissions achieved 
from using alkali-activated materials have been calculated to be in the range of 30% 
[11] to 80% or more [12,13]. The wide range can be attributed to several factors 
such as type of activator, method of production of activator, type of precursor, 
strength of final product, scope/paramters of life-cycle analysis, method of 
calculation (simply CO2 emissions or embodied energy derived emissions), etc. The 
global warming potential of alkali-activated concrete has been calculated to be 70% 
lower as compared to ordinary ortland cement [14]. 
The US Department of Transportation’s Federal Highway Administration released 
a TechBrief in March 2010 titled Geopolymer Concrete [15] that stated: “The 
production of versatile, cost-effective geopolymer cements that can be mixed and 
hardened essentially like Portland cement represents a game changing 
advancement, revolutionizing the construction of transportation infrastructure and 
the building industry.” 
The phrase “mixed and hardened essentially like Portland cement” is crucial as 
mentioned and is the focus of most of the current research in this field. Alkali-
activation of slag was chosen for this investigation due to some problems such as 
rapid setting periods [16], cracking during curing [17,18], higher carbonation [19], 
higher shrinkage [20] and higher efflorescence [21] than portland cement concrete. 
These are valid reasons that may act as obstacles in large-scale adoption of this 
class of materials. 
The intention of this project was to consider a single aspect of alkali-activated slag 
(one of the problems mentioned above) and attempt to conduct in-depth 
investigation and provide viable solutions. The aspect opted was rapid setting 
periods of this material. In portland cement concrete, various retarders have been 
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used that are robust and efficient [22]. However, same cannot be said for alkali-
activated slag. Conventional admixtures were found to be either ineffective or only 
marginally effective [4,23,24]. Hence it is desirable to explore new additives that 
can act in as robust a manner as the conventional admixtures do in portland cement 
systems.  
In this investigation, efficacy of conventional admixtures such as a lignosulfonate-
based retarder (Daratard 17) and polycarboxylate-based and naphthalene-based 
superplasticizers was studied. New additives were searched and analyzed for 
retarding potential and high pH stability including poly(diallyldimethylammonium 
chloride) (PDADMAC), dodecyltrimethylammonium chloride (DTAC), 
ethylenediaminetetraacetic acid (EDTA) and zinc oxide nanoparticles. Isothermal 
calorimetry was conducted to observed retardation. Stability of the admixtures in 
high pH environment was studied visually and spectroscopically. Compressive 
strength tests were carried out to gauge effect on mechanical properties. A 
qualitative analysis of the product chemistry was carried out for possible 
differences between mixes with and without admixture. Zeta-potential, UV-Vis 
spectrophotometry and ultrasonic wave reflection (UWR) tests were also 
considered, but due to low quality data from the initial samples, these were 
discarded. The results from the few samples are however still presented in 
“Appendix A: Additional Results”. 
It is hoped that the outcome of this project would serve as a foundation for 
discovery and synthesis of novel, robust and economical admixtures that would 
bolster the use of alkali-activated materials as more prominent construction 
materials. 
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Chapter 2 
Background 
 
Alkali-activated materials are binder systems that can be obtained from reaction 
between an alkali metal source and a silicate powder like calcium silicate or 
aluminosilicate containing materials. Metallurgical slag, natural pozzolan, fly ash 
and bottom ash are some examples of aluminosilicates. The alkali source generates 
a high pH environment when dissolved in water and this accelerates dissolution of 
the solid precursor. The alkali sources are varied and each with their own merits 
and demerits: hydroxides, silicates, carbonates, sulfates, aluminates, oxides, etc. 
Only requirement is that the source should be soluble in water and release alkali 
metal cations [10]. Most commonly used sources are hydroxides and silicates of 
sodium and potassium. Lithium, rubidium and caesium hydroxides and silicates 
have also been used but they are relatively insoluble, expensive and scarce [25]. 
2.1 Type of activator 
Sodium hydroxide (NaOH) and potassium hydroxide (KOH) are better candidates 
due to their high solubility, low cost and availability. Comparing the two, NaOH 
has lower cost and a lower enthalpy of dissolution, but a higher viscosity. Potassium 
silicates have a lower viscosity than sodium silicates and have a relatively simple 
phase diagram, favoring usage in laboratory studies [25]. Sodium hydroxide-
activated binders show more efflorescence than potassium ones [10]. Very few 
studies have reported properties of slag activated by potassium-based activators. In 
one study [26], it was reported that potassium-based activators led to faster setting 
times, but increased compressive strength along with a denser microstructure and 
lower porosity as compared to sodium-based activators. Given the ease of use and 
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another investigation from where mixture design was borrowed [27], potassium-
based activators were used in this study. 
2.2 Ground granulated blast furnace slag 
Ground granulated blast furnace slag (GGBFS) is a by-product of iron manufacture 
in blast furnaces using iron-ore, coke and limestone. The molten slag in the furnace 
floats on top of the molten iron and contains silicates and aluminates from the iron 
ore and some oxides from the limestone. The molten slag is rapidly cooled and this 
leads to a material comprising of 95% non-crystalline calcium-aluminosilicates. 
Further drying and grinding to a very fine powder produces the GGBFS which is 
widely used in construction industry, in combination with ordinary Portland cement 
[28]. This GGBFS will be referred to as slag hereafter. 
Slag has a lower specific gravity than ordinary Portland cement and the particle size 
is usually the same as cement or sometimes finer [28,29]. The exact particle shape 
and size will depend upon the type of grinding used. Slag is not spherical but varies 
in degree of angularity. The main constituent oxides are CaO, SiO2, Al2O3 and 
MgO. Factors that affect reactivity of slag in ordinary Portland cement systems are 
its composition, fineness, non-crystalline content, alkali content in the system and 
temperature [29]. These same factors can be assumed to be deterministic in alkali-
activated slag as well. 
Slag has been used in alkali-activated systems for several years. However, it is only 
recently that research interest in this material has increased for better understanding 
of reaction mechanism and microstructure [10]. The increased interest stems from 
importance of requirements of feasibility for large scale construction, while 
lowering the environmental impact, i. e. sustainability. 
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2.3 Hydration/alkali-activation process 
In order to control properties of the alkali-activated binder and achieve desirable 
characteristics, it is essential to understand the mechanism of formation of products. 
Provis and Deventer [10] summarized the reaction process as occurring via four 
mechanisms: 
i. Dissolution of the precursor, 
ii. Nucleation and growth of initial solid phases, 
iii. Interaction and mechanical binding at the solid phase boundaries, 
iv. Ongoing reaction through diffusion of reactive species 
Reaction progress can be monitored through thermal analysis techniques such as 
calorimetry and a resulting heat evolution curve is one similar to Figure 1. 
 
Figure 1: Rate of heat evolution vs time for a slag activated by NaOH, waterglass+NaOH and 
Na2CO3 (From [30]) 
In an effort to better comprehend these mechanisms, they can be compared to the 
well-understood hydration of ordinary Portland cement as explained and 
summarized by several authors in the past [5,8,31]. The hydration of ordinary 
Portland cement proceeds as follows. There is an initial dissolution phase 
characterized by high heat release, which may or may not be followed by a dormant 
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period of a stable heat flow rate when little to no product formation occurs. This 
leads to a phase of rapid product formation and continuous increase in heat flow 
rate which precedes a phase of decreasing heat flow rate accompanying diffusion-
controlled slower product formation. The changes in heat flow rate can be 
visualized with the help of thermal analysis techniques as calorimetry and a 
calorimetry curve for a typical Portland cement is presented in Figure 2. Peak 1 is 
due to dissolution of cement phases and some early age product formation. Peaks 
represented by numbers 2, 3 and 4 relate to hydration of different phases in a typical 
Portland cement namely silicate, aluminate and ferrite [5]. 
 
Figure 2: Rate of heat evolution at 20°C for a typical Portland cement (From [5]) 
Comparing Figure 1 and Figure 2, it can be seen that the heat release curves are 
somewhat similar: the initial dissolution peak, the subsequent minimum and the 
acceleration and deceleration regions are clearly visible in both. Thus calorimetry, 
among other several analysis techniques used in OPC systems, may also be applied 
to alkali-activated slag. 
8 
 
Though the curves look similar, the chemistry behind them is different. Portland 
cement hydration leads to formation of calcium silicate hydrate and calcium 
hydroxide as major products. Ettringite and monosulfate are other products 
observed in almost all reactions. There may also be additional products formed 
depending on the chemistry of the precursor cement. As for slag, several studies 
have shown that the main reaction product in alkali-activated slag is also a type of 
calcium silicate hydrate, as found in the OPC hydration product, albeit with 
aluminum and/or alkali cation substitution. However, other reaction products that 
are formed are AFm type phases, hydrotalcite, and zeolites such as gismondite and 
garronite [10,32–35]. A knowledge of the products and also the pore solution 
chemistry is important because they can affect how admixtures interact with the 
material and with ions in solution [36–38]. 
2.4 Importance of retarders in alkali-activated slag systems 
Though there are several factors that may affect setting time of alkali-activated slag 
[16,39], there are the common problems of rapid setting periods. This creates an 
obstacle in construction projects where the time between mix preparation and 
pouring may be long. Fast setting time was also observed in experiments 
preliminary to this study. Hence, finding, or creating, admixtures that suitably 
retard alkali-activated slag is of importance to facilitate mass-use of this material. 
2.5 Retardation mechanism 
In ordinary portland cement systems, lignosulfonates, carboxylates, and 
carbohydrates like sucrose, glucose, glucose polymers and sodium gluconate are 
commonly used retarders [22]. There are several proposed mechanisms of 
retardation that may be said to fall into four regimes [40]: 
i. Calcium complexation 
ii. Formation of semipermeable layer 
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iii. Adsorption of retarders on surface of anhydrous particles 
iv. Poisoning of nucleation and growth of reaction products 
Also, each of the above mechanisms can manifest itself in the form of two kinds of 
retarding effects [22]: increase in induction period and/or change in the hydration 
rate after hydration accelerates (slope of rising curve till peak 2 in Figure 2). To 
develop effective retarders for alkali-activated slag systems, they should affect the 
reaction process by at least one of the four mechanisms and this impact can be 
analyzed by the type of retarding effect on the process. 
2.6 Factors affecting effectiveness of retarders 
As mentioned earlier, the specific surface area of slag maybe different from that of 
ordinary Portland cement and this may affect the dosage of conventional retarders, 
i. e. retarders already being used in ordinary Portland cement systems and those 
that act through surface adsorption. The chemical composition of slag is also 
different from cement and this affects surface charge of the slag particles. Slag has 
negative surface charge at high alkaline pH [41–43] which is dependent on the ionic 
species in the surrounding solution and also the chemistry of the slag particles. 
Ordinary Portland cement has a net positive zeta potential [44]. This may have an 
effect on adsorption of retarding admixtures whose primary mode of action is 
surface adsorption on the anhydrous particles.  
Other differences between slag and cement that may affect action of retarders are 
ionic chemistry of the pore solution and its pH. Palacios and Puertas [23] showed 
that certain conventional superplasticizers and shrinkage reducing admixtures may 
not be chemically stable in high pH environments, which may occur in the pore 
solutions in alkali-activated systems. The same authors analyzed the effect of 
certain superplasticizers on mechanical performance, workability, liquid/solid ratio 
and setting times of alkali-activated slag cements [24,45]. They found that vinyl-
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copolymer-based and polycarboxylate-based superplasticizers retarded the setting 
time in some cases but only under particular types and combinations of alkali 
hydroxides and alkali silicates. These additives either shortened or did not affect 
the setting time in other cases. Liu et al [46,47] showed that presence of silicate 
species from the alkaline activators can affect the action of certain surfactants. 
It is thus possible that several retarders that may have been effective with ordinary 
Portland cement may not be as or at all effective with alkali-activated slag. It is 
prudent to explore other materials that may be used as new admixtures for the 
alkali-activated systems. To be effective as retarders, they need to abide by certain 
criteria based on the above discussion and based on requirements of large-scale 
construction: 
i. Should retard reaction in a controllable way and across different 
activator solution combinations and raw binder compositions, in an 
ideal situation, 
ii. Should be stable in high pH environments, 
iii. Based on mechanisms of retardation, should have either one or more of 
these properties: 
a. Should have a net positive charge to adsorb onto negatively charged 
slag particles, given adsorption may hinder dissolution or product 
formation through formation of a semipermeable layer or otherwise, 
b. Should bind calcium ions effectively (calcium complexation) 
without releasing them for a desired amount of time, 
c. Should poison nucleation and growth of precipitates, 
iv. Should not drastically reduce compressive strength nor negatively affect 
other mechanical properties, rheology, etc., 
v. Should be able to be produced in large quantities at low cost. 
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Admixtures were chosen for this study keeping these points in mind and 
considering the retardation mechanisms or regimes as outlined earlier. 
2.7 Chemicals used as potential retarders 
2.7.1 From OPC systems 
Daratard 17, Sika Viscocrete 2100, Daracem 19 and Advacast 575 were used in the 
study. Daratard is an established retarder while the others are plasticizers which 
affect reaction rate. These admixtures are referred to as “conventional retarders” 
while the remaining are referred to as “novel retarders” where applicable. 
2.7.2 Charge-based 
Due to the negative surface charge of slag, cationic surfactants are expected to be 
adsorbed onto the surface and thus may provide retardation. Two cationic 
surfactants were chosen: DTAC and PDADMAC. PDADMAC  has a very high 
positive charge density and is used in flocculation applications [48,49]. Since it is 
a polyelectrolyte it may couple electrostatic interactions and macromolecular 
dynamics. DTAC is widely used in the industry as a surfactant. 
2.7.3 Calcium complexation 
Good retarders are often good chelating agents [50]. EDTA is an excellent 
complexing agent [51]. Calcium can be bound by EDTA and silica can freely 
dissolve until EDTA complexes the maximum amount of calcium it can. This 
causes a delay in precipitation as the ionic saturation limit for calcium takes longer 
to be achieved. It has also been reported that a heavier coating rich in silica is 
produced, which acts as a protective layer and causes further retardation. EDTA 
has been used for selective dissolution of calcium containing phases to determine 
chemical composition of hydration products [52]. The dissolution may 
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detrimentally affect the hardened paste at later ages if any EDTA remains non-
complexed. 
2.7.4 Poisoning nucleation and growth: 
ZnO has been known to strongly retard hydration in OPC systems [53,54] and it is 
hypothesized that the primary mode of action is via poisoning of nucleation and 
growth.
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Chapter 3 
Materials and Experimental Procedures 
 
3.1 Materials 
Mixture proportions were selected based on previous work by Suraneni et al [27]. 
Slag was used as the base binder and the activators consisted of a combined solution 
of potassium hydroxide and potassium silicate. Potassium hydroxide (KOH) was 
used to obtained the required water/alkali hydroxide molar ratio. Potassium silicate 
(Ksil) was used to obtain a particular silica/alumina molar ratio. Proportions of the 
mix used in terms of molar ratios:  
SiO2/Al2O3: 6.00 
H2O/K2O: 15.00 
Proportions in terms of weights of final ingredients for 100 g of slag are presented 
in Table 1. 
Table 1: Mix design 
Material Mass (g) 
Slag 100.00 
Ksil solution 19.00 
KOH pellets 16.06 
Water 28.51 
 
3.1.1 Slag 
Preliminary experiments were carried out on mixtures of fly ash and slag. In order 
to simplify the system for this study, only slag was chosen for the entirety of this 
study. The focus thus was only on understanding the effects of the chemical 
admixtures added to the system. Ground granulated blast furnace slag from Lafarge 
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was used and will be referred to as just slag in this report. The slag obtained from 
the provider was used as it is without any modification. The physical and chemical 
properties of the slag have been obtained from previous work by Puligilla [55] as 
material from the same batch was used here. The slag has a high calcium content 
and its oxide compositions as obtained from X-ray diffraction and X-ray 
fluorescence analyses are presented in Table 2. 
Table 2: Oxide composition of slag (% by weight) 
Composition XRD [55] XRF 
SiO2 35.70 41.20 
Al2O3 11.21 11.07 
CaO 39.40 32.11 
Na2O 0.26 - 
K2O 0.48 0.41 
MgO 10.74 11.89 
Fe2O3 0.42 0.29 
SO3 0.58 2.34 
 
It is to be noted that each analysis was carried out on a different batch of slag. XRD 
was conducted on an old slag while XRF was conducted on a newer batch. Both 
slags were obtained from the same manufacturer and were expected to have same 
or similar composition. However, they were stored in different conditions which 
could have affected the amount of interaction with the atmosphere. The difference 
in the oxide compositions as seen in Table 2 could arise from this. Another reason 
for difference could be from test method. In XRD, the quantitative analysis is based 
on several input parameters such as expected phases and their assumed crystal 
structure. On the other hand, XRF measures individual elements and not oxides or 
phases. Hence the difference in oxide compositions. The XRD based oxide 
composition was used when arriving at the required molar proportions in the final 
mix as it was done in [27]. Both slags have been used in the investigation and it 
was ensured that the control mixture and the admixture-dosed mixture for a batch 
had the same slag. 
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The slag was also observed under a scanning electron microscope, JEOL JSM-
6060LV Low Vacuum Scanning Electron Microscope, and the resulting image is 
presented in Figure 3. 
 
Figure 3: SEM image of slag 
From Figure 3 it can be observed that the slag is angular in nature as expected [28].  
3.1.2 Potassium silicate 
Potassium silicate (will be referred to in this document as Ksil) acted as additional 
source of silica and was obtained from Fisher Scientific and manufactured by Pfaltz 
and Bauer. The mass composition of the solution was 8.3% K2O, 20.7% SiO2 and 
71% H2O. This gives a silica modulus (SiO2/K2O) of 2.5 by weight and 4.0 by 
moles. The pH of the solution was greater than 14. Potassium silicate is a viscous 
solution. 
3.1.3 Potassium hydroxide 
Potassium hydroxide (KOH) was obtained in the form of pellets and was converted 
to a solution by adding water. When mixed with water in the proportion stated 
earlier, the solution pH was greater than 14. The reasons for using potassium-based 
activators have been outlined in the previous chapter.  
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3.1.4 Admixtures 
Conventional retarders and other admixtures marketed for OPC concrete were used 
in addition to other surfactants which were expected to coat the slag particles and 
possibly provide some retarding effects. EDTA and ZnO were also chosen due to 
reasons mentioned below. The following admixtures were chosen: 
a. Grace Daratard 17: It is a lignosulfonate, and helps retard hydration of OPC. 
It is not viscous and contains 50% solids by weight. It will be referred to as 
Daratard hereafter. 
b. Sika Viscocrete 2100: It is a polycarboxylate-based superplasticizer used in 
OPC systems to improve workability while reducing required water content. 
It is viscous in nature with a solids content of 40% by weight in water. It 
will be referred to as Viscocrete hereafter.  
c. Grace Advacast 575: It is another polycarboxylate-based superplasticizer 
that is viscous. It contains 40% solids by weight in water. 
d. Grace Daracem 19: It is a naphthalene-based superplasticizer. It is not 
viscous and contains 40% solids by weight in water. 
e. BASF Master Glenium 7500: A polycarboxylate-based full-range water 
reducing admixture. It is viscous and contains 30% solids by weight. 
f. Dodecyltrimethylammonium Chloride: DTAC is a cationic surfactant and a 
quaternary ammonium salt (Figure 4). It was expected to coat the negatively 
charged slag particles due to its positive charge. It is water soluble and 
hygroscopic. It was obtained from TCI America in the form of a powder 
which was mixed with water to get 40% solids solution. The 40% solids by 
weight concentration was chosen to emulate concentrations of some of the 
conventional admixtures. 
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Figure 4: DTAC 
g. Polydiallyldimethylammonium Chloride: PDADMAC is another polymer 
which is a quaternary ammonium salt (Figure 5). It is a heavy molecule with 
an average Mw of 200,000-350,000. It was obtained in the form of a solution 
from Sigma Aldrich at a concentration of 20% solids in water.  The heavy 
molecules made the solution very viscous and hence it was used as is 
without concentrating it to 40%. Dilution would increase the water content 
and hence was avoided. Due to the heavy molecules, even a 20% solids 
solution was more viscous than the other admixtures. 
 
Figure 5: PDADMAC 
h. Ethylenediaminetetraacetic Acid: EDTA (Figure 6) is a calcium 
complexing agent. It was expected to retard hydration by delaying 
saturation of calcium ions and subsequent precipitation of products. This 
compound was obtained from Sigma Aldrich in the form of a powder. It 
was added to water to make a solution of 40% solids, but due to the low 
solubility the powder was added as is to the final mixture. 
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Figure 6: EDTA 
i. Nano Zinc Oxide: Nano ZnO was obtained from US Research 
Nanomaterials, Inc in the form of a dispersion which consisted of 30-40 nm 
sized nanoparticles of zinc oxide coated with PVP as the dispersing agent. 
The ZnO is 20% solids by weight in water as provided by the manufacturer. 
The particles, due to their size, have strong surface attraction and hence in 
this study, a dispersion was used instead of pure powder which would be 
highly agglomerated. 
j. Polyvinylpyrrolidone: PVP is a non-ionic polymer (Figure 7) with the 
chemical formula (C6H9NO)n. It is used to make well dispersed nano ZnO 
suspensions among other uses and is water soluble. Material used in this 
study was obtained from Sigma Aldrich in the form of a powder and with 
Mw of 40,000. It was mixed with water to get 40% solids by weight solution 
and the resulting additive was viscous.  
 
Figure 7: PVP 
The range of dosages differed among the admixtures. The dosages were partly 
decided by the recommended values in OPC systems for conventional admixtures. 
Similar dosages were used in the slag system. For the new admixtures, a wider 
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range was used due to non-existent recommended dosages. Dosage ranges also 
varied, with overlap, between experiments. 
3.1.5 Ordinary Portland Cement 
Ordinary Portland cement (OPC) was used to compare retarding effects of the 
admixtures between the OPC system and the alkali-activated slag system. The OPC 
used here was obtained from Essroc and is of type I/II. Calorimetry studies were 
carried out on this cement mixed with admixtures, and a water to cement ratio of 
0.38 was used. No other tests were performed. 
3.2 Making activator solutions 
Potassium silicate (Ksil) was used as it is. Potassium hydroxide (KOH) solution 
was made by measuring out the required mass of KOH in the form of pellets and 
adding water using the proportions as stated before. Thus, water was added to the 
system via the alkaline activator solution. This KOH solution undergoes a sharp 
temperature increase when the pellets are dissolved and hence the solution was left 
for 24 hours at room temperature to cool it down. Only small quantity of solution 
was made at a time to reduce extent of carbonation. New solutions were made at 
frequent intervals as required for sample preparation. 
All materials were stored in lab environment at a temperature of 20 + 1°C before 
measuring and mixing.  
3.3 Mixing 
Before mixing, materials were measured separately. Potassium hydroxide was then 
added to potassium silicate to get a single solution. Potassium hydroxide has a 
lower viscosity than potassium silicate and thus the former was added to the latter 
and not inversely. The activator solution and the admixtures were added separately 
to the slag and then mixing was commenced. 
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Two types of mixing were employed during this study: hand-mixing and machine-
mixing. For most experiments, hand-mixing was used because the amount of 
material involved was less. After the materials were measured and poured together, 
the mixture was mixed using a spatula carefully for the first 30 seconds to ensure 
there are no lumps present and no material sticks to the surface of the cup. The next 
60 seconds involved vigorous mixing of the solution at an average speed of 150-
200 rpm. A total of 90 seconds of mixing was used for all cases of hand-mixed 
samples.  
For the compressive strength samples, the amount of material required was much 
more than for the hand-mixed samples and machine-mixing was used. For this 
purpose, a common commercial juice blender was used. The blender has two 
settings for speed and the lower, which corresponded to roughly 1000 rpm, was 
used to mix the sample. The initial mix was stirred for 30 seconds with the blender 
and then a spatula was used for 30 seconds to agitate the mix and break up any 
lumps. Another 60 seconds of mixing was carried out afterwards using the blender. 
In either case of hand-mixing or machine-mixing, the material was capable of being 
poured out of the mixing container without any effort. 
3.4 Methods 
3.4.1 Calorimetry 
The primary objective of the research project is determining which admixtures are 
suitable to provide retardation in alkali-activated slag systems and additionally, the 
extent of retardation therein. Hence, the first and foremost test would be a way to 
observe any delay in the hydration process and therefore, isothermal calorimetry 
was used. The instrument used was a TAM Air isothermal calorimeter (Figure 8) 
with 8 pairs of channels. Each pair consisted of one sample chamber and one 
reference chamber. The reference chamber consisted of a sand-filled ampoule. 
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Before running each sample, the empty sample chamber was calibrated with respect 
to the reference. Calorimetry was performed on mixtures containing various 
admixtures and several dosages. The calorimetry mixtures were prepared with 20 g 
of slag. The mixtures were hand-mixed and poured into calorimetry ampoules 
(Figure 9) which were then placed in the calorimeter. Amount of material in the 
ampoule ranged from 13 g to 17 g. 
During the experiment as the reaction proceeds, the temperature of the sample 
changes and the calorimeter adjusts the temperature of the sample chamber to 
match that of the reference. The heat flow rate required to maintain temperature 
equilibrium is displayed as the output plotted against time. The temperature was 
maintained at 22 °C for all experiments in this investigation.  
 
Figure 8: TAM Air isothermal calorimeter 
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Figure 9: Calorimeter ampoules at the end of the experiment 
90 seconds of hand-mixing was found to be adequate as repeatability of control 
mixes was observed to be high. This will be discussed further in the “Results and 
Discussions” chapter. 
The output from the instrument was obtained in the form of changes in heat flow 
rate as a function of time. These plots have been studied in OPC systems and the 
stages therein are well understood. Though not so well understood in the alkali-
activated systems, the same plots were used to gauge retardation by observing shifts 
in these plots along time axis when admixtures are added. 
3.4.2 Physical stability 
Admixtures may not be stable in high pH environments as mentioned before in the 
“Background” chapter and this was investigated through visual assessment. 1 mL 
of admixture was added to the activator solutions of (a) only KOH (5 mL) and (b) 
KOH + Ksil (5 + 2.5 mL) placed in vials. Signs of agglomeration, separation into 
layers, color change, etc. were observed. It may be assumed that if admixtures are 
not stable in these solutions, they will not be stable in the slag mixes as these same 
solutions will be used there, generating similar high pH environments at the start 
of reactions. It is to be noted that stability does not directly correspond to 
functionality in the mixes. The admixtures may only be physically unstable 
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(separation into layers, agglomeration, etc) which may not affect their action when 
mixed with slag. On the other hand, chemical changes in the admixtures can nullify 
the retardation potential. Even when the admixture is not chemically unstable, 
effectiveness will depend on interaction with slag and other ions in pore solution. 
Thus, chemical stability test was performed. 
3.4.3 Fourier Transform Infrared spectroscopy 
Fourier Transform Infrared spectroscopy (FTIR) is a spectroscopic technique for 
obtaining transmission or absorption spectrum of a substance and subsequently for 
characterizing materials based on the molecular bonds as inferred from the spectra. 
The output spectrum consists of the intensity of transmission/absorption of an 
incident beam by the specimen, plotted against wavelength represented in terms of 
wavenumber. The bonds in molecules have a particular frequency of vibration and 
when light of the same frequency is incident on the bond, absorption occurs and 
this is measured by the instrument. Each bond has a characteristic frequency based 
on the comprising atoms and bond vibration type. This helps identify the bonds 
present in a material and also compare two materials for similarities and differences 
in chemical structure. FTIR was used here to check stability of the admixtures in 
highly alkaline solutions and also determine changes in hardened product occurring 
due to use of admixtures. The FTIR instrument used in this investigation was a 
Frontier FT-IR spectrometer by PerkinElmer (Figure 10) and the software used to 
collect data was Spectrum, also by the same company. Powder samples were 
directly placed on the sample window while applying pressure with the provided 
apparatus. For liquid samples, a special accessory was used that collects and holds 
the liquid on the window. 
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Figure 10: PerkinElmer Frontier FTIR instrument 
3.4.3.1 Chemical stability 
After assessing the stability visually, chemical analysis of the same was done 
through FTIR to determine if the cause of instability was of chemical nature. Even 
in cases where the admixtures were physically stable, chemical stability was 
investigated as mentioned before. The same mixtures as used for physical stability 
were dried in an oven for 24 hours at 100-105 °C. The residue was pulverized and 
FTIR spectrum was obtained for the powder. The spectra were accumulated and 
averaged over 64 repeated scans across wavenumbers ranging from 4000 cm-1 to 
500 cm-1. The spectra from the admixture+activator specimen inevitably contain 
peaks from the activator as well. Since the focus is only on peaks corresponding to 
the admixtures, it is necessary to neglect the peaks from the activators, which in 
turn requires knowing the peaks coming from activators alone. FTIR spectra were 
thus also obtained for wet and dry KOH, Ksil, and mixture of KOH+Ksil. For 
studying dry KOH, the pellets as obtained from the manufacturer were used. For 
studying other dry samples, the solutions were mixed where required and then dried 
in an oven for 24 hours at 100-105 °C. Changes in peak positions or 
appearance/disappearance of peaks in the spectra of the admixture may give insight 
into any chemical changes that might occur. 
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3.4.3.2 Change in product chemistry 
Adding retarders to a system might lead to changes in the product chemistry 
compared to the control specimen, due to the mechanism of action of the 
admixtures. To study this qualitatively, i. e. observe change without detailed 
analysis of chemical nature of change, FTIR was used. Since FTIR gives 
information on bonds, it was expected that changes in peak location or altogether 
occurrence/disappearance of certain peaks may give insight into any changes in the 
product chemistry. For this purpose, hand mixed samples were left to rest in lab 
environment and were tested the following day at 24 hours. The samples were 
ground in a mortar and pestle and then placed on the sample window on the FTIR 
instrument. Spectra resulting from both control and admixture-dosed samples were 
obtained and compared. FTIR will be performed to observe any qualitative 
differences in products between control mix and the mixes with admixtures. 
3.4.4 Compressive strength test 
It was earlier mentioned that adding admixtures can bring about physical and 
chemical changes in the nature of products, and these can bring about changes in 
the mechanical properties of the hardened slag mixes. Compressive strength 
changes can be brought about by admixtures and significant reductions may be 
undesirable.  
The compressive strength was measured on 1” cubes. The mixture was prepared by 
machine-mixing as described before and then cast into cubes by pouring into metal 
molds (Figure 11). The strength tests were performed at 1, 7, 28 days and the 
loading rate was 3000 lb/min which is at the lower end of the ASTM recommended 
rates. This rate was down-proportioned from rates for 2” cubes. The loading rate 
was manually controlled and gradually increased to 3000 lb/min as the specimen 
picked up load. The cubes were also measured for dimensions and weight prior to 
crushing to record density. 
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Figure 11: Metallic cube molds used for compressive strength test 
3.4.5 Centrifugation and adsorption (discarded) 
Several organic molecules have been known to retard OPC hydration by adsorption 
onto the surface of cement particles and this will be investigated in the case of slag 
and admixtures used here. Centrifugation is required to obtain pore solution, whose 
chemistry may provide insight into adsorption. A Fisher Scientific minicentrifuge 
(Figure 12) was used for this investigation, which has a fixed rpm of 6000. 
 
Figure 12: Minicentrifuge 
The mixture is hand-mixed and the time of addition of activator to slag is noted. 
The mixture is then poured into 6 vials (which is the maximum capacity of the 
27 
 
centrifuge) of 1.5 mL each. These vials are placed in the centrifuge and left to rest 
until 10 minutes from the time of addition of the activator to the slag. Thereafter, 
the vials are rotated at 6000 rpm for 10 min. The supernatant is collected with a 
graduated syringe to measure its volume. It is then added to ~25 mL of HCl solution 
to neutralize it. The weight of extract is measured simultaneously. It is necessary to 
dilute the extract with acid to prevent gelation. These acidified samples were 
examined in a spectrophotometer to estimate adsorption of polymeric retarders. The 
instrument used was a Varian Cary 5G with a theoretical spectral range of 175-
3300 nm. This corresponds to wavenumbers of roughly 3000 – 57000 cm-1. The 
extracts were also examined with the FTIR instrument to gain information in a 
different spectral range (wavenumbers 500-4000 cm-1). 
For calibration purposes, the extracts were prepared by centrifuging plain slag 
mixtures and then adding a known amount of admixture after extraction. The 
amount of admixture was based on expected concentrations of polymers after 
varying levels of adsorption. The samples from mixtures with admixtures were 
studied in the spectrophotometer and FTIR for the intensity of light absorption at 
characteristic wavelengths for the polymers. The sample was used in the liquid 
form. The intensity values would then be compared with the calibration curves to 
estimate the amount of adsorption. 
Difficulties: Peaks due to admixtures, which would have provided some 
information about their concentration, were not observed. Hence, this test was 
discarded from the main investigation and some results are presented in “Appendix 
A: Additional Results.” 
3.4.6 Zeta potential (discarded) 
In order to verify adsorption, zeta potential measurements were also considered. 
This test was used to qualitatively observe adsorption by analyzing its effect on zeta 
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potential of slag and changes thereof when admixtures are added. It was assumed 
that since admixtures might adsorb on the surface of the slag particles, they will 
change the surface charges and thus the zeta potential. Moreover, the change would 
be higher when more admixture is added, up to saturation limit. 
The instrument used was a Malvern Zetasizer. Zeta potential of slag in activator 
solution would be measured without and with admixtures. Initially, zeta potential 
of slag was measured in water. A small amount of slag was added to water and was 
placed in the cuvette which was placed in the instrument. The same was done for 
some of the organic admixtures.  
Difficulties: Slag has high rate of sedimentation. Measuring in activator solution is 
tricky due to ongoing reactions. Due to this, and also due to it being a redundant 
test, the method was initially shelved and later discarded. Some results are 
presented in “Appendix A: Additional Results.” 
3.4.7 Ultrasonic wave reflection (UWR) (discarded) 
Calorimetry provides progress of reaction in terms of heat of reaction. In order to 
observe progress of reaction physically, i. e. hardening, other tests need to be 
performed. Proctor penetration test is a classic way to study this. A newer way is 
through Ultrasonic Wave Reflection (UWR). This is a non-destructive method to 
observe percolation of solid network while cementitious materials hydrate. This 
method works on the principle of reflection of acoustic waves when it travels from 
an acoustically less dense to more dense material. Though the set up works for both 
p-waves and s-waves, only s-waves were used in this investigation. S-waves, or 
shear waves, cannot exist in liquids and exist only in solids. When cementitious 
materials hydrate solid products are formed. These products then start forming a 
network, which can then transmit the s-waves. When s-waves are incident on the 
sample, the reflection is measured. This reflection is highest due to presence of 
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liquid, or absence of solids, at the beginning of the reaction. As reaction progresses, 
the solid network transmits some waves and reflected intensity is reduced. Higher 
percolation (more solids) will transmit more waves and further reduce the reflected 
intensity.  
It was expected that the method would apply to the alkali-activated slag mixtures 
as well due to the hardening occurring therein. Mixture was hand-mixed for 150 
seconds (30 + 120 seconds rather than the usual 30 + 60 seconds, as the quantity of 
material was double as compared to calorimetry) and then poured into the UWR 
test container (Figure 13) after a delay of 3 min. This delay was caused due to the 
location of the UWR instrument being different from mixing location. The reflected 
intensity was recorded with respect to time and this gave an insight into the progress 
of reaction in terms of hardening. It was expected that when an admixture retards a 
reaction as seen from calorimetry, the UWR curves will shift to the right indicating 
that solid formation is delayed as well.  
Difficulties: Inconsistent results were obtained for identical mixes and noticeable 
changes in curves were not seen even with mixes that showed significant shifts in 
calorimetry curves. Some results are presented in “Appendix A: Additional 
Results.” 
 
Figure 13: UWR setup with paste 
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Chapter 4 
Results and Discussions 
 
Isothermal calorimetry was conducted to record retardation. Qualitative inferences 
about the rheology of paste that were observed while mixing are included with the 
calorimetry results. Stability of admixtures in the alkaline systems was observed. 
Effects on the mechanical properties were studied through compressive strength 
tests on cubic specimen, and physical properties such as density and weight of the 
cubes were measured. Chemical changes in the hardened product were also 
analyzed. Preliminary effort was made to understand mechanism of action of the 
retarders used through zeta potential and adsorption measurements which are 
presented in “Appendix A: Additional Results”, along with additional results. 
4.1 Properties of Alkali-Activated Slag Control Mixture 
4.1.1 Calorimetry 
The slag paste was highly fluid, and convenient to mix and pour out of the mixing 
container. The results for calorimetry conducted on several control mixes are 
presented in Figure 14 below. The y-axis “Normalized heat flow (W/g)” 
corresponds to the heat flow rate normalized with respect to the total sample mass. 
The heat flow was not normalized with respect to binder (slag powder) mass as the 
amount of additives is negligible when compared to the total sample mass. The 
percentage of binder can thus be considered as same across all specimen. 
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Figure 14: Calorimetry curves of control slag mixes 
The time axis is zoomed in to the first four hours in Figure 15 to focus on the initial 
period which can be affected by retarders and is important for constructability 
purpose. 
 
Figure 15: Calorimetry curves of control slag mixes, zoomed into the first four hours 
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Several trials were run for the control mix and they appeared to be similar as shown 
in the above figures. The curves are similar when it comes to the curvature of the 
concave minimum, which will be referred to as the induction period. Any changes 
due to addition of admixtures on this induction period and the proceeding 
accelerated product formation rate are expected to be observed here as changes in 
shape of the curve and slope of the rising arm of the peak. 
Inadequacy of mixing time could manifest as vast differences in the calorimetry 
curves due to possible unhydrated slag bound in agglomerated particles, which 
would take longer to dissolve. However, similarity among the curves here implies 
that 90 seconds of hand-mixing was adequate to break apart most agglomerates. 
The curvature of the induction period matches in all cases with only minor 
differences in the peak height which could have been caused due to miscalibration 
in the instrument or due to varying sample masses. 
4.1.2 Compressive strength 
Compressive strength test was conducted only for slag mixtures and not OPC 
mixtures. The strengths for each batch were measured at 1, 7 and 28 day(s). For the 
batches with admixtures, two dosages were selected for each type of admixture. 
The compressive strength results are consolidated in Table 3 and Table 4. All 
compressive strengths presented are the average of 3 samples. Individual results in 
the form of graphs and explanations have been provided later. Some pictures of the 
cubes have been provided where necessary. 
Table 3: Comparison of compressive strengths (psi) at 1, 7 and 28 days for control mix, and mixes 
with DTAC and PDADMAC 
Day/Mix 
Slag 
1 
Slag 
2 
DTAC DTAC PDADMAC PDADMAC 
1% 4% 1% 4% 
1 6950 6940 3500 1920 6200 6330 
7 9130 8060 4320 2660 6990 6860 
28 10370 11430 6730 4200 10320 10860 
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Table 4: Comparison of compressive strengths (psi) at 1, 7 and 28 days for control mix, and mixes 
with EDTA and ZnO 
Day/Mix Slag 1 Slag 2 
EDTA EDTA ZnO ZnO 
1% 2% 0.25% 0.5% 
1 6950 6940 5770 4700 7050 6950 
7 9130 8060 8150 10750 8460 9040 
28 10370 11430 8440 11730 10530 6120 
 
 
Figure 16: 1-, 7-, and 28-day strengths of control mixes 
Two control mixes were investigated for compressive strength and the results are 
presented in Figure 16 and Table 3. The average 1-day strength for both mixes was 
almost identical at 6950 psi and 6940 psi for batches 1 and 2 respectively. The 7-
day and 28-day averages did not match. The 7-day strength for batch 1 was 9130 
psi and for batch 2 was 8060 psi. The 28-day strength for batch 1 was 10370 psi 
and for batch 2 was 11430 psi. However, if the error bars are examined, the same-
day strengths lie within the margin of error. Averages of the same-day strengths 
between the mixes have been plotted in Figure 17. The individual strengths differ 
from average by 0.07% for 1-day, 6.22% for 7-day and 4.86% for 28-day strengths. 
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Figure 17: Compressive strengths of the control mixes with average same-day strength between 
mixes 
The discrepancy between the two control mixes could have been due to slight 
differences in the mixes or due to differing shrinkage. Differences could also be 
due to the test equipment, wherein the top platen of the Forney compression testing 
machine was not parallel to the top surface of the cubes. Due to the small size of 
the specimen, the top platen did not become fully parallel to the specimen surface 
until the load reached 3000 lbf in most cases. The reduced contact surface area 
possibly led to stress concentration and permeation of cracks in some specimens, 
and extent of initial damage depended on the angle between the platen and the cube, 
and thereby on the time until they became parallel to each other. 
Crushed cube specimens for the control mixture are shown in Figure 18. The 
fracture surfaces appeared to be angular and smooth. 
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Figure 18: Crushed specimen of control mix 
The sections hereafter discuss the results from tests conducted on admixtures and 
admixture-dosed mixtures. For the conventional admixtures (Daratard, etc.) and 
nano zinc oxide, calorimetry was conducted both on slag pastes and OPC pastes. 
For the other admixtures, calorimetry was conducted only on slag pastes.  
4.2 Effect of Daratard 17 
4.2.1 Calorimetry 
4.2.1.1 Daratard in ordinary Portland cement 
Mixing OPC at a water/cement ratio of 0.38 was more difficult than slag which had 
a similar water/solids ratio. The mix was not readily pourable out of the mixing 
container. With the addition of Daratard, the mix became more fluid. This 
concurred with the characteristic of the admixture acting as a plasticizer as 
mentioned in the manufacturer’s data sheet. 
Daratard 17 is a conventional retarder for OPC systems and it behaved as expected. 
The recommended dosage according to the manufacturer was 0.2% to 0.5% by 
weight of cement. It can be seen from Figure 19 that the admixture worked as 
expected and retarded the hydration in this range of dosages with a pronounced 
effect on the induction period. The control paste has at least 2 peaks as visible in 
the figure, corresponding to hydration of silicate and aluminate phases. The retarder 
affected the relative position of the peaks as seen in the case of 0.25%, where the 
peaks are closer together. This implies that the retarder affected the hydration of 
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each phase differently. This could be the reason for change in slope of the 
accelerating region as seen for 0.5% addition. 
 
Figure 19: Calorimetry curves for OPC mixed with Daratard at different dosages 
4.2.1.2 Daratard in slag 
Since there is no recommended dosage for Daratard 17 in alkali-activated slag 
systems, it was first added at the dosages used in the OPC system as above. In 
preliminary studies, no effect was observed at dosages of 1% and lower (Figure 20) 
and hence higher dosages – 4% and 6% – were incorporated. 
At 2%, Daratard showed a small rightward shift of the acceleration region with an 
elongation of the induction period. However, a similar amount of shift is also seen 
at 4% and 6%. Therefore, any effect seen does not increase with increase in dosage 
and Daratard does not seem to cause any retardation. This effect could be due to 
one of two reasons: either the admixture is chemically unstable in the high pH pore 
solution or it has an effective negative charge which is same as slag particles, 
thereby hindering adsorption and consequent retardation. 
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Figure 20: Calorimetry curves for slag mixed with Daratard at different dosages 
4.2.2 Physical and chemical stability 
Physical stability was assessed by adding the admixtures to solutions consisting of 
either KOH or KOH + Ksil. The stability was evaluated based on any changes in 
the physical properties of the admixtures, as visible to the naked eye. 
 
Figure 21: Daratard in water, KOH and KOH+Ksil respectively 
Daratard 17 did not show any color change or agglomeration when added to either 
activator solution. It can be seen in Figure 21 that the solution remains clear in 
either activator solution. However, since this admixture did not produce the desired 
effect in the slag paste, there is a possibility of occurrence of a chemical change. 
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FTIR was conducted on dried powders of admixtures, activator solutions and 
mixtures of admixture and activator solutions. KOH+Ksil produced an extremely 
hard glassy substance upon drying which could not be effectively collected and 
crushed and hence the spectrum presented here is for the solution form. In some 
cases, the mixture did not dry completely and peaks due to water are visible. These 
mixtures were not further dried at high temperature to prevent thermal damage to 
the organic molecules. The FTIR spectra for each type of admixture are divided 
into a pair of figures. The first consists of the pure admixture at the top, dry KOH 
in the middle and mixture of KOH and the admixture at the bottom. The second 
consists of corresponding spectra with Ksil involved: pure admixture at the top, 
KOH+Ksil in the middle and mixture of KOH+Ksil and the admixture at the 
bottom. 
 
Figure 22: FTIR spectra of dried samples related to Daratard 
After Daratard admixture was removed from the oven, it immediately started 
absorbing moisture and hence water related peaks have a relatively high intensity 
in the first spectrum in Figure 22. The diffuse peak at 1016 cm-1 could be due to a 
combination of asymmetrical stretching of saturated aliphatic ester C-O bond and 
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in-plane vibrations of aromatic C-H. This peak in the pure sample is not clearly 
visible in Daratard+KOH solution. There is some diffused collection of peaks in 
the same region that occurs with the singular sharp peak from KOH at 1061 cm-1. 
It is possible that the peak at 1016 cm-1 is subdued due to low concentration. This 
could point towards Daratard being stable when only hydroxide is present. 
However, since Daratard was not tested with slag activated with just hydroxide, 
these investigation needs to be carried out to reach a firm conclusion. 
 
Figure 23: FTIR spectra of dried samples related to Daratard 
The mixture of Daratard+KOH+Ksil could not be completely dried in the oven and 
it was not kept for longer than a day to avoid any damage to the organic substance 
at high temperatures. Hence, peaks due to water are clearly visible with 
considerable intensities (Figure 23). There is a high intensity diffused peak at 1368 
cm-1 which was not noticeable in pure admixture with similar relatively high 
intensity. This peak could be due to phenol, or a combination of O-H deformation 
vibration and C-O stretching vibration or both these possibilities combined. Since 
these bonds were present in the case with just hydroxide as well (where no such 
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peak intensity was observed), it is possible that the added silicate interacted with 
these particular bonds and enhanced certain vibrations that give rise to a much 
higher peak intensity. Silicates have shown to affect the function of certain organic 
molecules due to their colloidal nature [46,47]. This could explain the 
ineffectiveness of Daratard in slag activated by hydroxide and silicate. Another 
reason could be due to the effective negative charge of Daratard that could preclude 
its adsorption onto the negatively charged surface of slag. 
4.3 Effect of Sika Viscocrete 2100 
4.3.1 Calorimetry 
4.3.1.1 Viscocrete in ordinary Portland cement 
 
Figure 24: Calorimetry curves of OPC mixed with Viscocrete at different dosages 
Viscocrete is a polycarboxylate-based admixture that coats the surface of the 
cement particles [56].  Due to this reason, it is expected to show some retardation 
by hindering dissolution and product formation. This was found to be true and can 
be seen in Figure 24. Retardation increased with increase in dosage and there was 
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a noticeable effect on the induction period. The slope of the acceleration zone was 
not significantly affected except at the highest dose of 2%. 
4.3.1.2 Viscocrete in slag 
As mentioned earlier, Viscocrete is viscous in nature and the effect on viscosity of 
paste was readily observable. As the dosage increased, the paste became more 
difficult to mix and pour. Viscocrete did not improve fluidity of the paste as it does 
in the case of OPC. This could be due to lesser or negligible adsorption on the slag 
surface, which is also expected to affect retardation. 
 
Figure 25: Calorimetry curves of slag mixed with Viscocrete at different dosages 
At dosages of Viscocrete same as those in OPC system, no perceivable effect 
occurred with regards to extending the reaction time (Figure 25). This can be 
attributed to the hydrolysis of the molecule and loss of side chains at high pH 
[23,57]. Another reason could be that the polycarboxylate-based admixture 
developed an effective negative charge in the pore solution and hence could not 
bind onto the possibly negatively charged slag particles.  
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4.3.2 Physical and chemical stability 
 
Figure 26: Viscocrete in water, KOH and KOH+Ksil respectively 
Viscocrete, which was blue in color, lost its color and turned white when added to 
either activator solution (Figure 26). The admixture also agglomerated forming a 
white mass that stuck to the walls of the container or floated atop the liquid. The 
admixture is polycarboxylate-based and the agglomeration could be due to 
chemical change, more specifically, hydrolysis of side chains as found by other 
researchers [23]. This could be another reason why the admixture was not effective 
in slag paste. Chemical stability analysis was conducted next. 
 
Figure 27: FTIR spectra of dried samples related to Viscocrete 
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The only significant change observed when Viscocrete was added to KOH was the 
subduction of the peak at 1150 cm-1 which is possibly due to low concentration 
(Figure 27), along with appearance of peaks in the 1000 – 1100 cm-1 region. It is 
unclear whether this appearance consists of new peaks or enhancement of a peak 
already present. The same peak is part of a diffused peak in the original admixture. 
This combination of admixture and activator must be further investigated to 
conclude whether the change in physical nature of admixture in the hydroxide leads 
to any changes in the reaction rate of slag. 
 
Figure 28: FTIR spectra of dried samples related to Viscocrete 
When Viscocrete was added to KOH+Ksil, a new peak emerged at 1394 cm-1 
(Figure 28) and is possibly due to formation of COOH due to hydrolysis as 
discussed earlier. There is an additional peak emerging at 880 cm-1 which could be 
from ester formation. However, due to the diffuse nature of the spectrum in this 
region, the author has low confidence in the data at the lower wavenumbers. In 
either case, both physical and chemical changes were observed in case of 
Viscocrete. Chemical change could be one reason why Viscocrete was found to be 
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ineffective in retarding the slag mixture. Another possible reason as mentioned 
before could be due to the effective charge of the admixture in solution, which could 
be similar to the surface charge of slag and thus adsorption is hindered. 
4.4 Effect of Daracem 
4.4.1 Calorimetry 
4.4.1.1 Daracem in ordinary Portland cement 
 
Figure 29: Calorimetry curves of OPC mixed with Daracem at different dosages 
Daracem is a naphthalene-based superplasticizer. The elongation of the induction 
period with Daracem was not as significant as with Viscocrete (Figure 29). This is 
supposedly due to the difference in chemistry of the admixtures. The mechanism 
of retardation was also different. There was only slight extension of the induction 
period at lower dosages while at 2%, the elongation jumped to a much larger value. 
This was accompanied by change in the slope of the acceleration region all cases. 
At the 0.25% and 0.5%, the slope is reduced while at 1% and 2%, the slope is 
increased as compared to the control mix. Moreover, slope increases at the higher 
dosage among these pairs. 
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4.4.1.2 Daracem in slag 
Daracem is not viscous in nature and did not markedly affect viscosity of the paste 
as noticed while mixing. It was used at dosages same as those with OPC. The results 
are presented in Figure 30. 
 
Figure 30: Calorimetry curves of slag mixed with Daracem at different dosages 
It can be seen from the figure that Daracem causes slight broadening of the 
induction period. However, no clear pattern emerged when looking for a correlation 
between dosage and broadening. There was no change in slope of the acceleration 
period. Thus, Daracem does not appear to cause any retardation at these dosages. 
Higher dosages must be studied to identify any resulting retardation. 
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4.4.2 Physical and chemical stability 
 
Figure 31: Daracem in water, KOH and KOH+Ksil respectively 
Daracem did not show any significant change in color but it agglomerated in both 
solutions as seen in Figure 31. The solid mass of agglomerates did not appear to 
stick to the container. This agglomeration could be the reason for its ineffectiveness 
in the slag mix. Chemical stability must be carried out in the future to verify this 
observation. 
4.5 Effect of Dodecyltrimethylammonium Chloride (DTAC) 
4.5.1 Calorimetry 
There are no recommended dosages of DTAC and hence dosages were chosen 
arbitrarily and as integer numbers. The admixture, prepared as 40% solids by 
weight in water, was not viscous. It also did not increase the viscosity of the slag 
paste when added at higher dosages. On the contrary, significant air bubble 
formation was observed when mixing and this improved the fluidity of the paste 
over the control mixture, similar to the effect of air-entraining admixtures in 
ordinary Portland cement system [58]. 
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Figure 32: Calorimetry curves of slag mixed with DTAC at different dosages 
At 1%, DTAC-dosed mixes were similar to control slag curves and overlapped 
(Figure 32). At 2%, there was a slight increase in the induction period. This change 
was more prominent thereon at higher dosages. There is a direct correlation 
between the dosage and the retardation. Also, the retardation is seen to be not just 
a rightward shift. The concave minimum widens in both directions indicating 
slowing down of dissolution as well. No change in the slope of the acceleration 
region was observed except at 6%, where it still was not significantly different. 
4.5.2 Physical and chemical stability 
 
Figure 33: DTAC in water, KOH and KOH+Ksil respectively 
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DTAC is a clear liquid which showed signs of agglomeration when added to KOH 
but remained clear when added to KOH+Ksil solution (Figure 33). 
 
Figure 34: FTIR spectra of dried samples related to DTAC 
Overall significant decrease in intensity of all peaks was observed in case of DTAC 
mixed with KOH (Figure 34) but no change in peak positions or 
appearance/disappearance was observed. The agglomeration seen in Figure 33 
could be only physical in nature, with no chemical change. 
When DTAC was added to KOH+Ksil, there were few noticeable changes (Figure 
35). There was an increase in relative intensity of peak at 1395 cm-1 – corresponding 
to the methyl ammonium group. Interaction of this positively charged site with the 
hydroxyl group in the activator solution could be the reason for enhancement of the 
peak. This might also be seen in Figure 34 but there was an overlap with KOH peak 
and thus confounds results. The diffused peak at 900 cm-1 and below could be due 
to instrumental error as seen occurring in other cases too. Overall, no significant 
chemical changes were seen when DTAC interacted with the high pH activator 
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solution and this matches with the calorimetry observation where the admixture 
was able to retard hydration. 
 
Figure 35: FTIR spectra of dried samples related to DTAC 
4.5.3 Compressive strength 
For comparison purpose, only one of the control mixes was used alongside the 
admixture-dosed samples. As seen in Figure 36 and Table 3, the mixes with DTAC 
showed significant reductions in compressive strength compared to the control. The 
reduction was higher for the higher dosage of 4%. It was mentioned previously that 
when DTAC was added to slag, the mixture showed air bubbles while mixing. The 
crushed samples from the compressive strength test show the same air bubbles 
trapped in the solidified material (Figure 37 and Figure 38). The texture of the 
fracture planes was more granular than the fracture planes of control mix cubes. 
Also, DTAC 4% 1-day cubes were seen to compress under load (Figure 39). Weight 
measurements were also conducted and DTAC based cubes had much lower 
weights than other specimen and this supports the phenomenon of entrapment of 
air. These measurements are presented in “Appendix A: Additional Results.” 
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Figure 36: 1-, 7-, and 28-day strengths of control mix compared with DTAC-added mixes 
 
Figure 37: Crushed cubes of DTAC 1% sample on day 1 showing granular surface with trapped 
air voids 
 
Figure 38: Crushed specimen of DTAC 1% mix on day 28 
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Figure 39: Crushed specimen of DTAC 4% mix on day 1 showing compression due presence of air 
voids 
4.6 Effect of Polydiallyldimethylammonium Chloride (PDADMAC) 
4.6.1 Calorimetry 
PDADMAC is a heavy molecule and even at 20% solids by weight in water, the 
admixture solution was very viscous. This impacted fluidity of the admixture-dosed 
binder during mixing. The mixture was initially dough-like, more solid than liquid, 
making it difficult to mix. However, it later became fluid and easier to mix as 
mixing proceeded. 
 
Figure 40: Calorimetry curves of slag mixed with PDADMAC at different dosages 
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As seen in Figure 40, at dosages up to 3%, PDADMAC did not cause any 
retardation. At higher dosages, however, it was found to retard the reaction. The 
retarding effect does not appear to follow a trend with 6% admixture lying to the 
left of 5%. This effect can be attributed to the difficulty in mixing and thus possible 
inconsistency in the mixtures owing to differing amount of energy being put in. The 
heat flow curves for 5% and 6% show decrease in the slope in the acceleration 
region thereby implying slowing down of product formation. 
4.6.2 Physical and chemical stability 
 
Figure 41: PDADMAC in water, KOH and KOH+Ksil respectively 
PDADMAC was a clear liquid with a slightly off-white color. It remained clear 
with no flocculates when added to both solutions. The clarity of the KOH+Ksil 
solution with admixture was lesser than with KOH (Figure 41). No agglomeration 
was observed on a large scale but might have occurred at a small scale which 
reduced the transparency of the solution in case of KOH+Ksil. 
Chemical stability was observed next. No significant changes were seen when 
PDADMAC was added to KOH (Figure 42). When PDADMAC was added to 
KOH+Ksil, it appears as if peaks disappear (Figure 43) but peak at 1450 cm-1 is 
still visible albeit with subdued intensity. Hence it can be assumed that other peaks 
were also subdued. A new peak appeared at 1365 – 1395 cm-1 – which could be due 
to enhancement of the signal from the methyl ammonium group as was discussed 
in the case of DTAC.  
53 
 
 
Figure 42: FTIR spectra of dried samples related to PDADMAC 
 
 
Figure 43: FTIR spectra of dried samples related to PDADMAC 
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4.6.3 Compressive strength 
The average 1-day strengths for 1% and 4% addition of PDADMAC were 
marginally lower than that for control mix (Figure 44 and Table 3). The difference 
increased for 7-day strengths and while the control mix shows a convex curve, the 
PDADMAC mixes showed a concave curve. However, the admixture added mixes 
gained strength at a higher rate at later ages until the 28th day when the mixes had 
average strengths almost equal to the control mix.  
 
Figure 44: 1-, 7-, and 28-day strengths of control mix compared with PDADMAC-added mixes 
The PDADMAC mixes showed very small error margins except for day 28 for the 
4% mix. The reason for this anomolous behavior is drying shrinkage that occurred 
and caused cracking in the specimen. The cracking is assumed to be due to 
shrinkage as the specimens were not subjected to any kind of mechanical loading 
before testing. The cracks can be seen in Figure 45. One cube showed through 
cracking and separated into two parts during handling. The parts were put together 
and tested for strength with the crack lying parallel to the crack surface. Though 
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this cube still showed comparable strength, it was not included in the calculation of 
average strength. 
 
Figure 45: 28-day cubes of PDADMAC 4% mix showing cracking due to shrinkage 
4.7 Effect of Ethylenediaminetetraacetic Acid (EDTA) 
4.7.1 Calorimetry 
EDTA-water mixture retarded the mixes but the consistency between repeats was 
less and can be attributed to low solubility of EDTA in water. It is possible that 
EDTA was not being added to slag at the expected concentration due to the 
inhomogeneity resulting from low solubility. Therefore, dry EDTA (powder) was 
used. 
EDTA powder is soluble in alkalis as will be seen in the next section. It was thus 
expected that all the EDTA being added would dissolve and be available for 
reaction. As seen from Figure 46, EDTA caused retardation in the mix and the 
retardation increased with increased dosage. EDTA is a calcium complexing agent 
as discussed before. Slag is a high-calcium binder and while activation, releases 
calcium ions. From the above results, it can be suggested that EDTA complexes 
these calcium ions and delays saturation, and thus retards product formation [51]. 
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Figure 46: Calorimetry curves of Slag mixed with EDTA at different dosages 
4.7.2 Physical and chemical stability 
EDTA is a white powder and it dissolved completely when added to both solutions 
(Figure 47). This occurs due to formation of acetate salts with the alkali ion as 
cation.  These salts have a higher solubility than the corresponding acid in water.  
 
Figure 47: EDTA as powder, in KOH and in KOH+Ksil respectively 
Next, chemical stability was analyzed. The spectrum when EDTA was added to 
KOH is presented in Figure 48. The peak at 1682 cm-1 disappears and another at 
1573 cm-1 appears. This is likely due to effect on the carboxylate OH caused by 
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formation of salts and ionic bonding at this location. No other significant changes 
were observed. 
 
Figure 48: FTIR spectra of dried samples related to EDTA 
 
 
Figure 49: FTIR spectra of dried samples related to EDTA 
58 
 
Similar changes as seen in case of KOH-only were seen when KOH+Ksil was used 
(Figure 49). Thus, it can be concluded that the admixture was not affected in any 
significant way and worked, as hypothesized, in the slag mixture to extend 
hydration. It can also be inferred that the cation bonded at the carboxylate group 
did not completely hinder the complexation caused by this group. 
4.7.3 Compressive strength 
Cubes with EDTA were made at dosages of 1% and 2% and results are presented 
in Figure 50 and Table 4. Average 1-day strengths for both 1% and 2% additions 
were lower than 1-day strength for the control mix. Average 7-day and 28-day 
strengths of 1% addition were lower while that of 2% addition were higher than 
strengths of the control mix. EDTA is a calcium complexing agent and may change 
the product chemistry by affecting the calcium ion concentration in the pore 
solution and thereby in the precipitated products. This change could lead to changes 
in the mechanical properties and could be the reason for the behavior seen above.  
 
Figure 50: 1-, 7-, and 28-day strengths of control mix compared with EDTA-added mixes 
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The 1-day strength of 1% addition was higher than that of 2% addition while the 
trend reversed at later ages. It is not clear why this behavior occurred and further 
investigation is required. 
4.8 Effect of Nano Zinc Oxide (ZnO) 
4.8.1 Calorimetry 
4.8.1.1 ZnO in ordinary Portland cement 
There is no recommended dosage for ZnO in ordinary Portland cement systems and 
thus 1% and 2% were chosen. Results are presented in Figure 51. 
 
Figure 51: Calorimetry curves of OPC mixed with nano ZnO solution at different dosages 
As can be seen from the data, the solution of zinc oxide nanoparticles was found to 
significantly retard hydration of OPC. At 1%, the retardation was more than 40 
hours while at 2% it was more than 72 hours (3 days). The peak narrowed as was 
observed by other researchers [53], with faster accelerating period and higher peak 
flow rate. The peak flow rate decreased with increase in dosage. 
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4.8.1.2 ZnO in slag 
Due to the extreme retardation in OPC, zinc oxide was added to slag first at lower 
dosages of 0.25% and 0.5%. In the mixes with this admixture, it was observed while 
mixing that the paste did not stick to the walls of the plastic container. Though this 
phenomenon was observed in some other pastes with and without admixtures, the 
effect here was more pronounced. This could be due to effect of the nanoparticles 
on the surface tension of the liquid [59–61]. The effect on retardation can be seen 
in Figure 52. 
 
Figure 52: Calorimetry curves of Slag mixed with nano ZnO solution at different dosages 
At 0.25% and 0.5% zinc oxide was found to retard the reaction in a noticeable way. 
The amount of retardation was similar to higher dosages of DTAC and 
PDADMAC. While 0.25% did not affect the dissolution arm of the curve, it did 
extend the induction period. However, at 0.5% and above, both sides of the 
induction period were affected. The heat flow during induction period was also 
significantly reduced. This could be due to the poisoning effect of the nanoparticles 
as discussed in literature [53]. There was no observable effect on the slope of the 
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accelerating region. The peak height increased when dosage increased from 0.25% 
to 0.5% but decreased thereafter. It is unclear if this was due to the instrument, due 
to action of zinc oxide or due to quantity of mixed used in the ampoules. 
4.8.2 Physical and chemical stability 
Nano ZnO solution is white in color. When added to either solution, the solution 
remained clear with the transparency of KOH+Ksil being reduced (Figure 53). 
There were small agglomerates if observed carefully, which were very few in 
number. These could be due to PVP that was used to disperse the ZnO 
nanoparticles. 
 
Figure 53: Nano ZnO in water, KOH and KOH+Ksil respectively 
4.8.3 Compressive strength 
As seen in Figure 54 and Table 4, cubes made with ZnO at 0.25% dosage gave 
results similar to control mix, within error margins. 1-day and 7-day average 
strengths for ZnO 0.5% were close to control mix, however the 28-strength was 
significantly reduced due to shrinkage. Shrinkage cracking is clearly visible in 
Figure 55 and in this case the cracking was more severe as compared to 
PDADMAC 4% cubes. Cracking was also observed in 28-day ZnO 0.25% cubes 
(Figure 56), but since strength was similar to control at all ages, it is unclear if later 
cracking at 28-days had any effect, whether positive or negative. More investigation 
needs to be carried out to observe effect of higher dosages. 
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Figure 54: 1-, 7-, and 28-day strengths of control mix compared with ZnO-added mixes 
It is to be noted that samples were stored in lab environment and a sudden decrease 
in RH from 65% to 20% was recorded that affected the 28-day samples of both 
0.25% and 0.5% mixes. The 0.5% cubes were subjected to the decreased RH for a 
longer period than 0.25% cubes and hence more severe cracking occurred. 
 
Figure 55: Uncrushed specimen of ZnO 0.5% on day 28, showing cracking 
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Figure 56: Uncrushed specimen of ZnO 0.25% on day 28, showing cracking on surface 
4.9 Effect of Polyvinylpyrrolidone (PVP) 
4.9.1 Calorimetry 
The retardation produced due to zinc oxide solution was considered to be either due 
to ZnO itself or due to the surfactant PVP used. In order to ascertain which chemical 
affected the retardation, tests with PVP were also conducted. PVP is a viscous 
admixture and reduced the fluidity of the paste at higher dosages. Also, while most 
other mixes showed a clear gray liquid mixture, PVP showed presence of small 
particulates as seen in Figure 57. This observation is explained in the later section 
on physical stability. 
 
Figure 57: Particulate matter that shows up as dark spots when PVP added to mixture; circles 
shown only for emphasis; dark spots seen everywhere on the spatula 
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PVP was used at several dosages that were higher than the conventional admixture 
dosages and similar to dosages used for some other admixtures. Even at very high 
dosages, there was little to no retardation (Figure 58). At these higher dosages, the 
amount of water added to the system also increased due to water content of the 
admixture. At 6% dosage of PVP, the amount of water added to the system is 0.72 
g, which is 8.6% of the original water content. However, this dilution of activating 
solution did not lead to any significant retardation as seen at similar dosages of 
some other previously discussed admixtures. Thus, it can be assumed that 
additional water added as a part of admixture has little to no impact on the potency 
of the activator solution and the speed of reaction. Any retardation seen at higher 
dosages of other admixtures would hence be attributable to the action of the 
admixture and not to dilution. Also, since the retardation due to the zinc oxide 
solution can now conclusively be attributed to the action of the zinc oxide particles 
alone. 
 
Figure 58: Calorimetry curves of Slag mixed with PVP at different dosages 
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4.9.2 Physical and chemical stability 
When PVP was added to the solutions, it did not show a change in color but showed 
agglomeration (Figure 59). In KOH, the admixture condensed into a pellet-like 
form which then floated to the top of the solution. This pellet-like form was found 
to be hard which was not the case with agglomerates of other admixtures. In KOH 
+ Ksil, the admixture did not form a hard pellet, but agglomerated into a soft mass 
which floated on top of the liquid. This could be one of the reasons for its inaction 
in retardation. Chemical stability analysis was carried out to observe whether the 
cause behind the agglomeration is chemical in nature. 
 
Figure 59: PVP in water, KOH and KOH+Ksil respectively 
There were no new peaks and no disappearance of peaks when PVP was added to 
KOH (Figure 60). However, the relative intensity of the peak at 1370 cm-1 increased 
and it became diffused. There was also a shift in the peak at 1664 cm-1 to 1643 cm-
1, possibly due to coagulation, which could have an effect on the bond vibrations. 
Nevertheless, there did not appear to be any prominent molecular changes.  
Mixture of PVP+KOH+Ksil showed increase in intensity of peaks at 1420 cm-1 and 
1370 cm-1 around the main peak in between them (Figure 61). There was again a 
shift in the peak at 1664 cm-1 to 1652 cm
-1 similar to the above case. Here too, no 
significant chemical changes were seen. Hence, inefficacy of PVP can be attributed 
to its nonpolar nature whereby it would not adsorb onto the slag particles. 
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Figure 60: FTIR spectra of dried samples related to PVP 
 
Figure 61: FTIR spectra of dried samples related to PVP 
4.10 Effect on Chemical Nature of Product Formed 
Mechanical properties may be affected by change in product chemistry and hence 
FTIR spectra of various samples with and without admixtures were collected to 
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compare and observe any changes. First, FTIR spectrum for unhydrated slag 
powder was obtained and is shown in Figure 62. 
 
Figure 62: FTIR spectrum of slag used in this study 
There is strong absorption or reduced transmission in the wavenumbers 750 – 1100 
cm-1. This was seen in previous work as well [55] as is a result of the aluminosilicate 
component. Next, FTIR spectra of various samples of hardened slag were obtained 
at day 1. These spectra are presented in Figure 63. 
 
Figure 63: FTIR spectra of dried 1-day powders of different slag mixes 
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The three different samples were cast as separate mixes. The samples were crushed 
and analyzed without drying. Hence, peaks associated with water can be observed 
around 3400 cm-1 and 1650 cm-1 (Figure 63). A peak is also observed in the region 
of 1300-1400 cm-1. There is strong absorption centered at 937 cm-1 where it is a 
cluster of peaks that can be seen as shoulders at lower wavenumbers. This peak is 
likely due to unhydrated slag as this peak is visible in slag powder (Figure 62).  
 
Figure 64: FTIR spectra of dried and powdered 1-day sample of control mix and mixes with the 
admixtures Daratard, EDTA and ZnO 
When admixtures are added, the peaks as seen in control sample are still visible and 
occur at the same location (Figure 64). In the case of EDTA, an additional peak is 
visible as a shoulder and occurs at 1590 cm-1. This indicated that EDTA affected 
the product chemistry, while Daratard and ZnO did not. DTAC and PDADMAC 
were not included as they were expected to not change the product chemistry, 
because the nature of their interaction with slag particles is physical in nature 
(adsorption). It would still be worthwhile to conduct these investigations in the 
future for sake of completeness.
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Chapter 5 
Conclusions 
 
Experiments were conducted on control mixes with conventional and novel 
admixtures. The conventional admixtures, used in ordinary Portland cement binder, 
were found to be ineffective in the slag binder used here. Novel retarders – DTAC, 
PDADMAC, EDTA and ZnO – retarded the admixture satisfactorily. Conclusions 
from individual admixtures are presented next. The effectiveness of each admixture 
is discussed next. 
5.1 Results from individual admixtures 
Daratard seemed to be physically stable in the high pH environment and somewhat 
chemically stable as well. However, it did not retard the slag mixture, possibly due 
to ineffective adsorption stemming from like charges of the admixture and the slag 
particles. 
Viscocrete was not physically stable in the activator solutions and underwent 
chemical changes too. This may have caused the admixture to not retard the 
reaction process. Moreover, like in the case of Daratard, effective charge of the 
polymer could also have played a part in having no effect on retardation. 
DTAC was not physically stable in the KOH solution but was stable in KOH+Ksil 
solution. There was no chemical change observed. DTAC was effective in retarding 
the reaction with the retardation increasing with increasing dosage. DTAC led to 
formation of stable air bubbles in the fresh paste, which were still present in the 
hardened paste. This formation of air bubbles can also be linked to the significant 
reduction in paste strength. Possibility of using DTAC as an air-entraining agent 
can be explored. 
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PDADMAC was physically and chemically stable in the high pH and showed 
retardation too. PDADMAC also reduced the strength at 7 days but did not affect 
1-day and 28-day strengths. Both DTAC and PDADMAC were expected to act by 
adsorption onto the slag particles due to their positive charge. This can be proved 
by performing adsorption measurements through total organic carbon (TOC) or 
other methods and is topic for exploration in future studies. 
EDTA was physically stable and somewhat chemically stable with minor effects. 
EDTA retarded the reaction as expected because of calcium complexation. This 
may also be evident from the change in product chemistry. EDTA also affected the 
strength but no clear trend was seen and this needs to be explored further. 
ZnO was physically and chemically stable and retarded the reaction significantly. 
The reason was unclear from the current investigation but a possible explanation is 
an effect on nucleation and growth as discussed earlier. ZnO did not affect the 
strength of the hardened paste at the dosages used. 
PVP was not physically stable but did not show chemical changes. Hence, the 
ineffectiveness in retardation due to this admixture was attributed to no adsorption 
due to its non-polar nature. 
5.2 Scope of future work 
This investigation was a preliminary stage in understanding interactions of 
admixtures with slag during alkali-activation. To develop this topic further, there 
are several other aspects that need to be considered. These include, but are not 
limited to, hydration of individual phases of slag, how admixtures are absorbed into 
phases, competition between ions, and addition time [62]. Changes in the 
composition of the activator solutions and also using only one out of the two 
activators are expected to have an effect on the reaction rate. Changes in the mixing 
process and the time of addition of admixture could also vary the results. Though 
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water from the admixtures did not apparently affect the reaction rate, it is still 
worthwhile to conduct experiments with undiluted admixture. 
This investigation was not focused on suggesting recommended dosages and hence 
such conclusions are not presented. The author hopes the results of this study may 
serve as a starting point for exploration of more admixtures.
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Appendix A: Additional Results 
 
This chapter contains results that are in addition to the results presented in the 
previous chapter. Some results are from tests already covered earlier and some are 
from experiments not included in the previous chapter. 
A.1 Physical stability 
Master Glenium and Advacast 575 are both superplasticizers and work by surface 
adsorption on the solid particles. Hence, they were considered as possible retarders. 
However, they were found to be unstable in highly alkaline solutions as seen below. 
A.1.1 Master Glenium 
 
Figure 65: Master Glenium in water, KOH and KOH+Ksil respectively 
Master Glenium was pinkish in appearance and changed to white or off-white when 
added to the solutions (Figure 65). Agglomeration was also observed and it 
occurred in two different forms in the two solutions. In KOH, the admixture 
converted to small globules while in the other solution, it separated out as a layer 
at the top. This admixture is also polycarboxylate-based and the effect could be 
explained by reasons similar to that for Viscocrete. 
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A.1.2 Advacast 
 
Figure 66: Advacast in water, KOH and KOH+Ksil respectively 
Advacast results (Figure 66) were similar to Viscocrete and can be explained by the 
same reasons because Advacast is also a polycarboxylate-based admixture. 
A.2 Compressive strength tests – density measurement 
Measurement of the weight of the cubes and their density provides additional 
information regarding the packing density of the cubes and corresponding effect on 
strength. It was also necessary to record the density due to DTAC’s effect on the 
porosity of the paste. Measurements were made only on batches with PDADMAC 
(some samples), DTAC and nano ZnO (all samples). Measurements could not be 
recorded for control cubes and EDTA-mixed batches. It can be assumed that the 
density of the control mix is nearly identical to the mix with nano ZnO due to the 
small percentage of addition and also due to lack of any visible signs of change in 
porosity. EDTA-mixed batches might also have same density as the control mix. 
A.2.1 Weight measurements  
Table 5: Average weight of 3 cubes in grams 
Admixture 1-day 7-day 28-day 
PDADMAC 1% - - 32.41 
PDADMAC 4% - 31.72 31.50 
DTAC 1% 27.89 27.84 27.14 
DTAC 4% 22.68 22.51 21.77 
ZnO 0.25% 33.02 32.52 31.97 
ZnO 0.5% 32.60 32.88 32.16 
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A.2.2 Density Measurements  
Table 6: Average density of 3 cubes in g/cm3 
Admixture 1-day 7-day 28-day 
PDADMAC 1% - - 2.01 
PDADMAC 4% - 1.92 1.92 
DTAC 1% 1.73 1.74 1.71 
DTAC 4% 1.41 1.43 1.41 
ZnO 0.25% 2.03 2.06 2.09 
ZnO 0.5% 2.02 2.04 2.05 
 
The weights (Table 5) and densities (Table 6) follow a similar trend. Increasing 
dosage of PDADMAC from 1 to 4% decreased the density, indicating an increase 
in porosity. The decrease in strength with increasing dosage as seen in the previous 
chapter may be considered as a direct result of this increase in porosity. 
PDADMAC is a surfactant and was found to produce air bubbles while mixing and 
thus porosity is a strong explanation for the observations. It can be speculated that, 
considering the reverse trend, for no addition of PDADMAC (0%), i. e. the control 
mix, the density may be higher and similar to that seen for the nano ZnO cubes. 
Hence the initial assumption about density of control mix.  
A similar decrease in density was observed for DTAC and the presence of porosity 
could be visually confirmed from the fractured surfaces of the compressive strength 
cubes. Effect on strength was also as expected, with increase in dosage leading to 
decrease in strength. The reduction in density of the nano ZnO-mixed cubes upon 
increasing the dosage was not significant and correspondingly, the effect on 
strength was also minor. 
A.3 UV-Vis-NIR Spectrophotometry 
Spectrophotometry was used to determine the presence and qualitative 
concentration of admixture in pore solution that was centrifuged out of fresh paste. 
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This would be done by looking at peaks that were characteristic to the admixture 
and changes in intensity of the peaks would correlate to change in concentration of 
admixture in pore solution.  
The admixtures were first observed with water as diluent. After measuring the 
baseline obtained from water, transmission spectra for the admixture-water 
solutions were obtained. These are presented in Figure 67. As can be seen from the 
figure, only PVP had a peak distinct from other admixtures. Thus, it was not 
possible to tell whether the admixture was present in water or not.  
 
Figure 67: Admixtures with water as control 
The admixtures were then added to pore solution obtained from a control mix. The 
baseline was again obtained with pore solution and the spectra were baseline-
corrected with respect to the pore solution. This would theoretically provide 
spectral information only from admixtures in solution. The transmission spectra are 
presented in Figure 68. As can be seen, there were no peaks observed in the spectra. 
The jumps at 800 nm are due to the instrument and are common in all spectra. It 
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would thus not be possible to identify presence of admixtures in these solutions. 
Thus, this method was discarded. 
 
Figure 68: Admixtures with pore solution as control 
A.4 Zeta potential 
As mentioned in 3.4.6, zeta-potential measurements would help with determining 
any adsorption that would manifest as change in the potential. The instrument used 
in the study works by measuring the mobility of the particles under applied external 
potential and by observing diffracted laser beams as they pass through the solution. 
This can cause problems when trying to observe polymers because, unless each 
polymer molecule is an individual coiled sphere, there can be interlocking between 
molecules or mere inability to diffract light due to the linear chain structure of the 
polymeric molecules. It was thus not possible to record meaningful data about the 
admixtures by themselves. 
So, it was considered to observe just the solid particles since they can be measured 
better by the instrument and any adsorption of admixtures on solids can be 
measured by changes in zeta-potential of the solids (as mentioned above, polymers 
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were likely to be invisible to the laser). Due to large distribution in size of the slag 
and fly ash particles, the quality of size distribution data was poor as recorded by 
the instrument. Sedimentation also affected the quality of data even after the slag 
particles were filtered through a 0.45 μm filter. Due to the poor-quality data, this 
experiment was not included in the main study. 
Figure 69 shows the zeta-potential distribution of Advacast and Daracem 
admixtures and of fly ash diluted in water. The graph shows that all these materials 
have a negative zeta-potential in water. 
 
Figure 69: Zeta-potential measurements of Advacast, Daracem, and fly ash with water as diluent 
Figure 70 shows the size distribution of Viscocrete (Sika SP) and slag diluted in 
water. This was obtained from the same instrument. There is a high intensity peak 
from slag particles at 1000 nm or 1 μm. However, looking at the comments 
provided by the accompanying software, there are particles beyond 10000 nm, or 
beyond the range of measurement of the instrument and thus the quality of data is 
poor. Also, as seen from SEM images and PSD curve in an earlier chapter, the slag 
has a wide particle size distribution. The admixture shows multiple peaks and this 
shows the poly-dispersity index of this polymer is very high. This could be due to 
different chain lengths and also due to varying hydrodynamic radii of individual 
molecules. In any case, as mentioned before, light diffraction studies on polymers 
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may not give accurate data. Comments from the software in this case too mentioned 
poor quality of data due to the high polydispersity index (PDI) of the polymer. 
 
Figure 70: Size distributions of Viscocrete (Sika SP) and slag with water as diluent 
Figure 71 shows the zeta-potential distribution of slag and Viscocrete (Sika SP). 
Both have negative potentials in water. Again, as previously, the quality of data is 
poor. However, these results agree with the negative potentials of these materials 
as seen in literature, as mentioned in a previous chapter. Therefore, at close to 
neutral pH it can be hypothesized that Viscocrete may not adsorb onto the surface 
of slag based solely on like surface charges. 
 
Figure 71: Zeta-potential measurements of Viscocrete and slag with water as diluent 
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Further analysis is required and could provide valuable information. Further 
investigation would ideally involve measuring the potential with diluent as 
activator solution and usage of dispersion techniques to prevent or decelerate 
sedimentation. 
A.5 Ultrasonic Wave Reflection (UWR) 
Calorimetry provided data regarding the heat release behavior of the alkali-
activated slag paste to observe delays in reaction process. Retardation in practical 
applications is essential to control the hardening rate for placing and finishing 
operations. Hence, UWR was employed to observe the rate of hardening of the 
paste. UWR was carried out on control samples without and with Daratard and 
EDTA. Results are presented in Figure 72 and Figure 73 respectively. 
 
Figure 72: UWR on control mixture of slag and mixtures with Daratard at 2 and 3% 
Figure 72 displays UWR curves for control slag and slag with Daratard at 2% and 
3% dosages, which were chosen arbitrarily. There was no significant difference 
observed compared to control samples and this corresponds with the calorimetry 
results. Data is not available beyond 60 minutes as the sample loses contact with 
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the base to which the electrode is attached and hence the reflection coefficient rises. 
This can be seen better in Figure 73 where the curves start rising after around 50 
minutes. Here the admixture is EDTA and at 1%, where some difference in reaction 
progress was observed through calorimetry, the same could not be significantly 
distinguished from the UWR curves. Between ~15 minutes and ~50 minutes, the 
curve for EDTA is higher than that for the control mixes indicating some retardation 
of hardening – if mix is still fluid, it will not let the shear waves pass through and 
thus there will be higher reflection. However, the two control mixes showed 
different values until ~25 minutes and beyond ~ 50 minutes and overall quality of 
data was considered to be low. This was attributed to shortcomings in the 
instrumental set-up. Given low confidence in the data, the UWR test procedure was 
not included in the main investigation. 
 
Figure 73: UWR on control mixtures of slag and one mixture with 1% addition of EDTA 
UWR however can be utilized later investigations as it is expected to provide 
information about hardening of the paste which is more relevant to practical 
applications. 
